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Abstract
Iron sulfide nanoparticles assume an important role within a wide range of geological
settings as indicators of redox environmental conditions and elemental cycling mechanisms. Initial
precipitates of iron sulfide are exclusively nanoscale sized in low temperature aqueous conditions
and have been reported to go through diverse morphological and phase transformations, possibly
leading to the ultimate deposits of pyrite in geologic records of various times. A systematic
understanding of how the early-stage nanoparticles of iron sulfide may develop into more
crystalline iron sulfide forms is still lacking however. The major goal for this study was to
illuminate the effects of the iron and sulfide sources on the formation and subsequent
transformation of iron sulfide precipitates. Specifically, I have used ferrous versus ferric iron as
the initial reactant, and synthesized iron-sulfide nanoparticles through abiotic versus biological
processes. The abiotic synthesis used inorganic sulfide as the reactant whereas the biological
synthesis involved sulfate-reducing bacteria (SRB) that transform sulfate in the solution to sulfide
as the bacteria grow. Dissolved iron of different oxidation states (i.e., +2 versus +3) were used
mainly to simulate the iron sulfide formation in anoxic versus transitional/suboxic environments.
The analyses of x-ray diffraction (XRD), transmission electron microscopy (TEM), and smallangle x-ray scattering (SAXS) data revealed apparent variations in the size, morphology, crystal
structure, and composition of the biogenic and abiogenic iron sulfide that used different sources
of iron (i.e., ferrous versus ferric). The abiogenic precipitates that used ferrous iron as reactants
were composed of mackinawite and greigite nanocrystals with an average size of 50 nm at T = 0;
the abiogenic precipitates that used ferric iron as reactants were mainly composed of greigite with
an average size of 70 nm in length. In general, the abiogenic samples of ferric systems showed
higher crystallinity than those of ferrous systems at all examined time intervals (i.e., T = 0, 2
weeks, 1 month, and up to 3 months). It is particularly noted that pyrite was identified in the
abiogenic samples of the ferric systems as early as T = 0. In comparison, the biogenic precipitates
were composed of amorphous material at early stages (T=0,1m, 2m) and mostly greigite
v

precipitates in aged samples (T=3m). Pyrite was also detected in the biogenic samples of ferric
systems, but at a much later stage (i.e., T = 3m). These results indicated that the abundance of
Fe(II) over Fe(III) favors the crystallinity of iron sulfides, and bacterial involvement in these
systems favors rapid changes in the kinetics and nucleation of iron sulfides in low temperature
aqueous systems. The current work has provided new insight into the origin and biogeochemical
roles of metal sulfide nanoparticles in anoxic to transitional aqueous environments at ambient
temperatures and pressures as well as their transformation pathways into the more stable pyrite.
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Chapter 1: Introduction – Iron sulfides
IRON SULFIDE NANOPARTICLES
Iron sulfides are key proxies in the geological record, bearing information for redox
conditions and elemental cycling patterns of their formation environment. Abundant in natural
systems, iron sulfides are of great interest for their potential applications and implications. The
chemical and isotopic compositions of major iron-sulfide phases in sedimentary environments
(i.e., pyrite) have been used extensively to restrain the conditions when these phases were formed
(Rickard et al. 2017). Sulfur isotope concentration analysis, incorporated in sedimentary pyrite,
was used to estimate the chemical compositions of ancient oceans (Raven et al. 2019). The
formation of iron sulfides has also been used as geochemical tracers to infer the evolution history
of free oxygen through geological history, lending light to paleontological interpretations. For
example, mass extinctions in the Jurassic period have been linked to the deficiency of free oxygen
based on analysis of the presence/absence and abundance of pyrite. (Raiswell et al. 2018). Sulfurisotope analysis of sedimentary iron sulfides has also been used to reconstruct marine paleo
systems (Owens et al. 2013). Although the most abundant iron sulfides in terrestrial and oceanic
sedimentary environments are pyrite, it has been demonstrated under both experimental and
(simulated) natural conditions that the initial phases of iron sulfide precipitation are exclusively of
nanoscale phases. It is therefore of equal importance to understand iron sulfide nanoparticles that
exist as loose sediments and precursors of massive pyrite deposits.
During the initial stages of formation, iron sulfide may adopt various chemical
compositions, sizes and morphologies. Fresh precipitates of iron sulfide in low-temperature
aqueous environments reportedly transform among different phases including amorphous iron
monosulfide, mackinawite (FeS), greigite (Fe3S4), and pyrite (FeS2) (Rickard and Luther 2007a;
Herbert et al. 1998; Zhou et al. 2014). Previous experimental results indicated mackinawite as the
1

most common initial iron sulfide form, with crystallinity increasing within hours of initial
precipitation (Picard et al. 2018). Greigite is considered a transition phase from mackinawite
transforming into pyrite, given by its mixed valence composition (Fe2+/Fe3+) and metastable
structure (Roberts et al. 2011; Rowan et al. 2009) . In comparison, framboidal pyrite is the most
abundant iron sulfide on the Earth’s surface, largely attributed to its stable crystal structure under
oxidized environment (Rickard and Luther 2007b). Due to the complexity and diversity of the
reactants (i.e., iron and sulfur sources), the formation and aging pathways of iron sulfide
precipitated under various typical scenarios have not been fully resolved.
Naturally occurring iron sulfide nanoparticles have been identified in a range of scenarios,
including lacustrine (Bura-Nakić et al. 2009), riparian (Burton et al. 2011), coastal (Choppala et
al. 2017), and marine (Larrasoaña et al. 2007; Wilkin et al., 1996) and terrestrial sedimentary
(Burton et al., 2011) systems. It is noted that iron sulfide precipitates are not confined to anoxic
environments only, they also occur in suboxic to oxic environment (King et al. 1995), where the
iron source is likely Fe(III) instead of dissolved Fe(II). Such was the case for a study done in the
Peel-Harvey Estuary, where Fe(III) formation was observed to have increased by dredging done
to sediments, interfering with the previous fully anoxic conditions (Choppala et al. 2017).
Evaluating the potential effects of Fe(II) versus Fe(III) iron source on the precipitation and
transformation of iron sulfide nanoparticles, thus, is one of the two major goals of this current
work.
Biological activities also play key roles in the formation of iron sulfide nanoparticles.
Biogenic iron sulfide nanoparticles are formed both actively and passively by microorganisms.
Magnetotactic bacteria are good examples in that synthesize iron sulfide nanoparticles (i.e.,
greigite) actively, using them as intracellular machinery for orientation and displacement (Schüler
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et al. 1999). Sulfate-reducing prokaryote, on the other hand, are the dominant contributors of
sulfide in low-temperature aqueous environments, leading to mineralization of extracellular iron
sulfide nanophases (Zhou et al. 2014; Picard et al. 2016, 2018; Mansor et al. 2019). By estimation,
sulfate reducing bacteria contribute to about ninety-seven percent of low-temperature aqueous
sulfide; the other three percent is derived abiotically, mainly produced in deep-sea vents and
volcanoes (Rickard et al., 2012). Previous studies on biogenic iron sulfide via bacterial sulfate
reduction revealed that the negatively charged cell walls of SRB draw in soluble iron species which
proceed to react with the nearby sulfide derived from the metabolic processes of SRB. An
amorphous phase and mackinawite of various crystallinities have been identified as the dominant
initial phases for biogenic iron sulfide via bacterial sulfate reduction (Zhou et al. 2014). The
evolution and transformation pathways of biogenic iron sulfide phases as well as their abiogenic
counterparts, however, remain elusive (Wilkin and Barnes 1997; Picard et al. 2018, 2016; Wan et
al. 2017).
IRON SULFIDE PHASES
The phase in which iron sulfides occur in natural systems is mainly dictated by the
concentrations of O2, Fe(II)-, and S(-II) (Rickard and Luther 2007a). Variations in concentrations
of these dissolved species create room for the multiple naturally occurring iron sulfides. The solid
phases of iron sulfides of focus to this study consist of mackinawite, greigite, and pyrite. This is
given the abundance of literature, and the abundance of these minerals in natural systems.
Mackinawite, iron (II) monosulfide is the most common initial iron sulfide form. This
tetragonal Fe-S phase forms at mere 10 ms after the mixing of Fe(II) and S(-II) in standard
temperature and pressure (Rickard and Luther 2007a). The unit cell structure is composed of sheets
of Fe-Fe square planar bonding (001) overlap on top of each other separated by ca. 0.5 nm
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(Wolthers et al. 2007). Van der Waals bonds between the S atoms hold these planes in place. The
crystallinity of synthetic mackinawite was shown to increase within hours of initial precipitation.
Greigite (Fe3S4) is the iron thiospinel, the valence mixed (Fe2+/Fe3+) transition phase from
mackinawite to pyrite (Benning et al. 2000). The unit cell structure is composed of eight Fe atoms
in tetrahedral (A-sites), and 16 atoms in octahedral (B-sites), with valence mixing of Fe2+ and Fe3+
happening in this last one (Rickard and Luther 2007a). The transformation of mackinawite to
greigite happens with the oxidation of Fe(II) in mackinawite to Fe(III), which rearranges to
octahedron, reducing the volume and consequently becoming a more stable phase. This phase is
also favored by a low pH, given that an abundance in H+ as an oxidizing agent acts as a catalyst to
favor the production of Fe(III).
Pyrite is the most common iron sulfide on the Earth’s surface, likely due to its stable cubic
unit cell structure composed of disulfide (S22-) molecules and ferrous atoms. Its structure resembles
that of NaCl, highly crystalline. The conditions for the creation of pyrite have been studied
extensively by Rickard et al. (Rickard and Luther 2007a). Through calculations and experimental
work, they concluded the precipitation of pyrite is enhanced when concentrations of dissolved
sulfide species (H2S, HS-, and HS2-) are low (<1 nM) compared to dissolved Fe (>1 nM). Suboxic
conditions where O2 concentrations are relatively high enhance the production of pyrite, because
of the oxidation of S(-II) to S(0), decreasing the concentration of dissolved sulfide species (Wan
et al. 2017).
REDOX ENVIRONMENTAL CONDITIONS
Redox conditions have strong effects on iron speciation in aqueous environments as well
as the occurrence of sulfide, both of which directly affect the formation and transformation
processes of iron sulfide nanoparticles. Given the current oxygen-rich atmospheric conditions, a
4

general depth profile for oxidizing agents in an aqueous scenario is shown in Figure 1. Ferrous
iron (Fe2+) can react with various oxidizing agents and form ferric iron (e.g., Equation 1 and 2).
Depending on the environmental pH, the formed ferric iron may exist as dissolved ions or
particulate iron (oxyhydr)oxides.
4Fe2+ + 2H2O + O2 → 4Fe3+ + 4OH-

Eq. 1

2Fe2+ + MnO2 + 4H+ → 2Fe3+ + Mn2+ + 2H2O

Eq. 2

At depths in an aqueous scenario where the oxygen is not fully depleted, iron (III) is
favored by the oxidation of iron (II). The decrease in concentration of sulfate (SO42-) comes with
an increase in sulfide (H2S) and a slow decrease of iron (II). In these anoxic conditions, fully
depleted of oxygen, the presence of iron (II) is favored over iron (III) by the reduction of iron
species by sulfide (Equation 3a,b).
Fe3+ + H2S → Fe2+ + S8 + Sn2-

Eq. 3a

Fe2+ + H2S → FeSprecipitate + 2H+

Eq. 3b

The accumulation of sulfide through wither biological or abiotic processes favors the
formation of iron sulfide nanoparticles, but the cycling and reduction/oxidation of iron species
between oxic, suboxic, and anoxic sections may lead to the formation of various iron sulfide phases
along this theoretical depth profile (Rickard and Luther 2007a). Thus, the iron source available for
Fe-S formation has potential implications on the further development of these solids as well as
their interactions with surrounding systems.

MOTIVATION FOR THIS WORK
The relative abundances and concentrations of aqueous iron versus sulfide species may
play a key role in the formation and transformation of iron sulfide in low-temperature scenarios.
Dissolved Fe(II) has been found to be abundant in fully anoxic marine and lacustrine basins as
well as sedimentary pore water, while Fe(III) can exist as a dissolved specie in low-pH systems or
as particulate iron oxyhydroxides at circumneutral pH, in suboxic to oxic conditions (Rickard and
5

Luther 2007b; King et al. 1995). Potential variations in nucleation and transformation pathways of
Fe-S nanoparticles as a result of different iron sources can be used to trace their origin and transport
in nature (Figure 2a). As sulfate-reducing bacteria constitute the most important source of sulfide
in low-temperature systems, the co-presence of SRB in the formation environment may add
another level of complexity to iron sulfide formation, being the other major factor to be evaluated.
Thus, the current study carried out a systematic of experiments to evaluate the effects of reactant
iron and sulfide sources on the precipitation and transformation of iron sulfide nanoparticles. The
ultimate goal is to identify new mineralogical evidence in iron sulfides that may be used to
constrain the earlier conditions of the relevant formation and evolution environments.
The current work has adopted a comparative approach to study the formation and
transformation pathways of iron sulfide nanoparticles, specifically using ferrous versus ferric iron
as the iron source and in the presence versus absence of sulfate-reducing bacteria. The objectives
of the work are to isolate the individual effects of the reactant iron and sulfide sources on the initial
size, morphology, and crystal structures of the formed iron sulfide as well as on their
transformations within a duration of up to 6 months. Using a combination of spectroscopic and
electron microscopic analytical techniques (Figure 2b), I have identified major differences in the
initial precipitate phases and in the transformation pathways among the different systems, which
constitutes and interesting framework to infer the origin and fate of naturally occurring iron sulfide
nanoparticles.
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Chapter 2: Methodology
Experiments were designed to examine the hypothesized differences between the samples
that used different iron sources (i.e., ferrous vs. ferric), and between the samples that used different
sulfide sources (i.e., biogenic versus abiogenic). Iron sulfide nanoparticles were obtained through
both abiotic and biological methods, and comparatively analyzed using XRD, SAXS, and TEM.
For the abiotic experiments, iron sulfides were precipitated from the synthesis of sodium sulfide
(Na2S x9H2O) and iron chloride (FeCl2 x4H2O). For the biological experiments, a modified 63
Postgate’s medium was used to recover and grow cell cultures of Desulfovibrio vulgaris, which
was then used to inoculate iron-free and iron-amended MTM medium. As the bacteria grew in the
iron-amended MTM, iron sulfide nanoparticles were precipitated. Stock solutions of ferrous and
ferric iron were prepared using anoxic HEPES-buffered solution with a pH of 5. While the ferrous
iron solution remained translucent, cloudiness was observed in the ferric iron solution. The stock
solution was used as is to supplement the MTM medium. Samples of the precipitated nanoparticles
were collected at time intervals of T=0, 1 day, 1 week, 2 weeks, 3 weeks, 1 month, 2 months, and
3 months and analyzed using XRD, SAXS, and TEM for size, morphology, crystal structure, and
chemical composition (in terms of Fe-to-S ratios). Previous experiments done under similar
laboratory conditions indicate it takes ~2 months for an initial amorphous phase to become an
identifiable mix of greigite and mackinawite (Csákberényi-Malasics et al. 2012), which justifies
the choice of a 3-month experimental cycle for each sample.
THE BACTERIAL STRAIN
The bacterial strain chosen for this study, Desulfovibrio vulgaris, is a well-studied model
system of dissimilatory sulfate reducing bacteria (SRB) that occur in significant abundance in
nature. The energy metabolism of D. vulgaris mainly involves the use of sulfate as electron
acceptors and that of organic carbon as electron donors. As a result of sulfate reduction, sulfide is
produced as waste discharged into the environment (Eq. 3). It is reiterated here that bacterial
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sulfate reduction may contribute to up to 97% of the sulfide present in low-temperature anoxic
environments (Zhou et al. 2014).
SO42- + 8e- + 10H+ → H2S + 4H20

(3)

SAMPLE SYNTHESIS

The chemicals and reagents used in the experiments were of at least ACS grades, and mostly
purchased from Fisher Scientific® and Sigma-Aldrich®. The abiotic nanoparticle synthesis and
all sample preparations were conducted under anaerobic condition, inside a vinyl chamber (Coy
Lab) filled with ~ 4% H2 and 96% N2. The biotic synthesis was carried out in anaerobic cell
cultures prepared using N2 purging stations and standard procedures. Except that the transmission
electron microscopy (TEM) analysis of the samples were conducted at the NanoEarth Center,
Virginia Tech, all the rest of the work was done at the University of Texas at El Paso.
Bacterial cell culture and biotic synthesis of iron sulfide nanoparticles
A modified Postgate’s medium was used for recovery and growth of D. Vulgaris bacteria.
Metal toxicity medium (MTM) was used for subsequent maintenance of the bacterial cells and for
the biotic synthesis of iron sulfide nanoparticles. The ingredients for the modified Postgate’s and
MTM medium are listed in Table 1. Specifically, the MTM contained the following ingredients
per liter of ultrapure water: 0.5 g of potassium phosphate (K2HPO4), 1 g of ammonium chloride
(NH4Cl), 1 g of sodium sulfate (Na2SO4), 0.1 g of calcium chloride (CaCl2·2H2O), 2 g of
magnesium sulfate (MgSO4·7H2O), and 1 g of yeast extract. The procedures of preparing anaerobic
Postgate’s and MTM medium have been described elsewhere (Xu et al., 2016). This solution was
stirred and brought to boiling. After the solution being boiled for ~ 15 min, a N2 purging syringe
was introduced to degas the cooling solution for ~ 25min. 0.1g of Na-thioglycolate (C2H3NaO2S)
and 0.1 g of ascorbic acid (C6H8O6) were also added during the cooling and degassing time. Once
the solution reached room temperature, lactic acid (C3H6O3) was added and then 0.5 g of ferrous
sulfate (FeSO4·7H2O) or ferric sulfate [Fe2(SO4)3 ·2H2O] was added while the solution was still
being degassed. The last step involved the adjustment of pH to 7.8 using sodium hydroxide
(NaOH) pellets. The final medium was stored in serum bottles in aliquots of 100 mL, double sealed
with butyl septa and aluminum rings. All bottled medium was sterilized using at 121°C for 20 min.
The D. vulgaris stock culture was thawed up to room temperature from its storing temperature (80 °C) before being used as inoculum into fresh modified Postgate medium (5 ml to each
8

compression bottle). The cell culture grown in the Postgate’s medium was then used as inoculum
into fresh MTM medium. Another transfer was done using the cell culture in non-amended MTM
as inoculum into each iron-amended MTM. Iron sulfide precipitation is indicated by a darkening
of the solution. Inoculation was done at room temperature, alongside an alcohol burner. Table
surfaces were sterilized with 75% ethanol before beginning the procedure. Seal serum bottles that
contained the inoculum were sterilized by dipping the caps of the bottles in alcohol and igniting it,
with a total of 3 repetitions before inoculation. To reduce the chance of oxidation, syringe and
needles were filled with N2 gas and emptied out, for a total of five repetitions before inserting the
needle in the pressure bottles. Once the inoculation was done, bottle caps were sterilized again by
dipping and igniting alcohol. Inoculated medium bottles were placed in a shaking incubator at
30°C for up to 6 months. Samples collected at the end of a week of incubation are considered as T
= 0, for comparison with abiotic experiments.
Abiotic iron sulfide nanoparticle synthesis
Iron sulfide nanoparticles were abiotically derived through a synthesis of sodium sulfide
(Na2S x9H2O) and iron chloride (FeCl2,3 x 4H2O). Anoxic MilliQ water was degassed outside the
chamber and transported inside the chamber where all solutions were created. Oxygen (i.e., O2)
levels inside the chamber were kept at 0 ppm (undetectable) for the entirety of the experiment and
preparation of solutions. Five milliliters of iron stock solution (i.e., anoxic solution that contains
10-M FeCl2,3 and buffered with 10 mM HEPES (C8H18N2O4S) and infused with 25 ml of 5 mM
Na2S at a rate of 1 ml per hour. The solutions were stirred throughout the infusion process at 350
RPM using a magnetic bar. It was noted the temperature of the hot plate increased gradually by
itself throughout the synthesis, stabilizing at 28 degrees Celsius. Gas mix composition inside the
chamber consisted of 3-4% hydrogen and 96-97% nitrogen. The pH for both iron stock solutions
(i.e., ferrous and ferric) were maintained at 5 prior to infusion of sodium sulfide.
SAMPLE PREPARATION AND ANALYSIS
Biogenic samples required an extra step for the removal of bacteria for the sample
preparation. A lysis solution was created by mixing equal parts of proteinase K and lysozyme
(derived from chicken egg white) with anoxic water. Ten milliliters of lysis solution and 10 mL of
9

0.1% Triton X detergent were mixed for each of the 100 mL pressure bottles. Three centrifuge
tubes were filled with 40 mL of the new Desulfovibrio medium with the lysis solution, and placed
in hot bath at 40 degrees Celsius for one hour. Samples were centrifuged and supernatant was
decanted for a total of three times, before one final sonication. Extraction procedures of the
nanoparticles was the same for abiotic and biogenic experiments after the removal of bacteria.
Samples prepared for small-angle x-ray analysis are scanned in glass capillaries, keeping the
nanoparticles in solution, providing an advantage over the other two analytical tools (Figure 3).
Transmission Electron Microscopy
Sample solution obtained from pressure bottles was divided into air-tight centrifuge tubes
inside the anaerobic chamber. The centrifuge tubes were then placed in a Branson 3800 Ultrasonic
Cleaner for 10 mins of 40 kHz frequency sonification. Then they were placed in a Thermo
Scientific Heraeus Multifuge X3R Centrifuge for 15 minutes at 15,000 G. The samples were
brought back inside the chamber, and the supernatant was decanted from the solid precipitated
material. The samples were filled back with anoxic ultrapure water, and subjected to two more
cycles of sonification. Centrifuging, and supernatant decanting. This was with the purpose of
removing salts or other secondary products of the experiments. The samples were sonicated one
final time, with the purpose of separating individual nanoparticles. One drop of the sample (50 μL)
was placed on an ultrathin C film on lacey carbon support film, 300 mesh, Au from Ted Pella, Inc.
Five drops of ultrapure water were added, and left to dry for better distribution of nanoparticles,
and repeated the wetting and drying of the sample two more times. Final dry sample was stored in
original packages, wrapped in anoxic tape, and shipped in a SampleSaver™ Portable Container to
delay exposure to oxygen until the moment of scanning. Transmission Electron Microscopy
analysis were done at the Nanoscale Characterization and Fabrication Lab (NCFL) at Virginia
Tech. The gold reinforced TEM grids were scanned using a JEOL 2100 instrument at 200kV.
Samples were scanned under vacuum.
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X-Ray Diffraction
The cycles of sonification, centrifuging, and supernatant decanting done for TEM sample
preparation were also done for XRD samples. After one final sonification, the leftover solution
was filtered through a 2-micron Fisher Scientific filter using a Whatman® glass microfiber funnel
filter. Resulting solid was rehydrated and nanoparticles were then suspended in 700 microliters of
ultrapure water, placed on top of a microscope slide and let dry for a day inside the anaerobic
chamber. After the sample was completely dry, a thin layer of silica-based paste was applied to
seal and isolate the iron sulfide nanoparticles from oxygen. Identification of Fe-S phases was done
through a nondestructive, ex situ powder X-ray diffraction (XRD) technique. A desktop x-ray
diffractometer (Rigaku MiniFlexII), located at the Metallurgical, Materials and Biomedical
Engineering Department at UTEP, was used to collect all the XRD data presented. A thin layer of
silica-based paste was applied to the sample slides prior to transportation to efficiently prevent
oxidation of sample. A copper sourced x-ray beam (30kV and 15mA) scanned the samples at a
speed of 0.5 degrees per second, from degrees 2θ: 15-60. Materials Data JADE software was used
for data analysis including peak information (intensity, 2θ, and d-spacing) and data conversion to
different formats. Diffraction data on expected minerals was downloaded from the American
Mineralogist Crystal Structure Database, and used for phase identification of the nanominerals.
Small Angle X-ray Spectroscopy
Samples from pressure bottles were subjected to the same cycles of sonification,
centrifuging, and supernatant decanting as for XRD and TEM. A Charles Supper © Boron-Rich
glass capillary was filled with resulting solution for SAXS analysis, and it was sealed with waterresistant epoxy (Gorilla©) to prevent oxidation of sample. Small-angle x-ray scattering (SAXS)
allows for in-situ examination of the samples, an important capability considering the reactivity of
iron sulfide nanoparticles when exposed to oxic conditions. Boron-rich capillaries (80mm long,
0.01mm wall thickness) filled with suspended iron sulfide nanoparticles were scanned at the
Physics Department at UTEP using the Xeuss 2.0 HR SAXS/WAXS instrument. The data was
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plotted and analyzed using SasView-4.1.1 software (B1 and B2 in Figure 6), which was also used
for fitting of models. Visible in Figure 6B, the green line depicts the model applied on the data
(B1) and information about the measured system is provided in a second window (B2).
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Chapter 3: Results
IRON SULFIDE SYSTEMS WITH FERROUS IRON SOURCE [FES(II)]
Abiogenic FeS(II)
The abiogenic precipitate using ferrous iron as reactant was identified as mackinawite at T
= 0. The XRD data demonstrate major peaks at 2θ ‘s of = 17.848° (4.9656 Å), 35.853° (2.5 Å),
39.247° (2.2937 Å), 50.649° (1.8 Å), and 54.8° (1.67 Å) with their corresponding d-spacing
indicated inside the brackets (Figure 4), all of which are characteristic of the mackinawite phase.
The XRD patterns for the aged samples, collected one week (T=1w), one month (T=1m), two
months (T=2m), and three months (T=3m), respectively, after the first precipitates are comparable
to the T0 samples, with mackinawite being the dominant phase. Based on TEM analyses, the initial
precipitates in the abiogenic FeS(II) system are composed of nanocubes and nanorods, with an
estimated average size of ~50 nm (A1 and A4 in Figure 5). Secondary aggregates are also present,
with an estimated average size of ~400 nm. An increase in the crystallinity is evident based on
comparison of initial (T=0,1m) (A in Figure 5) versus aged (T=3m) (B in Figure 5) samples. The
XRD and TEM analyses also indicated that abiogenic FeS(II) samples were overall more
crystalline compared to their biogenic counterparts, which will be discussion in the following
section.
Qualitative analysis of the small-angle x-ray (SAXS) data obtained for abiogenic FeS(II)
systems indicates the preference for nanoparticles rather than nanoclusters, denoted by the change
in slope in intermediary Q-domain (Figure 6). A particle size averaging 13nm was suggested for
the initial precipitate sample (T=0) for Fe(II) sulfide systems. For the corresponding aged samples
for this system, a particle size average of 20nm (T=1m), 22nm (T=2m), and 26nm (T=3m) was
suggested by the model. Suggested length for the size of the nanoclusters for all abiotic, ferrous
iron sulfide systems was above +1,000nm.
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Biogenic FeS(II)
No crystalline phases were recognized or identified in the XRD patterns for biogenic
FeS(II) samples, and the amorphous nature of these samples was confirmed using TEM’s electron
diffraction analysis (SAED). The initial precipitate (A1-A3 in Figure 7) and one-month aged
samples (A4-A6 in Figure 7) consisted largely of amorphous material, with no identifiable lattice
fringes in high-resolution micrographs. In the two-month aged samples, however, nanoparticles of
rod and cube morphologies started to occur apart from the amorphous phase (B1-B3 in Figure 7).
The d-spacing data obtained from the electron diffraction patterns of individual nanoparticles were
compared to the AMS references (listed in Table 3) to identify the specific crystal structure of the
nanoparticles. The presence of mackinawite as well as greigite was confirmed in both the twomonth aged (B3 in Figure 7) and three-month aged samples (B6 in Figure 7).

IRON SULFIDE SYSTEMS WITH FERRIC IRON SOURCE
Abiogenic
Abiogenic precipitates using ferric iron as reactant were identified as various combinations
of greigite, marcasite, and pyrite from the initial precipitation through the 3-month aging
(T=0,1m,3m). In contrast to abiogenic FeS(II) samples, the FeS(III) ones also exhibited observable
variations in the morphology and crystal structure of initial versus aged precipitates (Figure 4 and
Figure 8). The XRD signals were relatively low compared to the background noise however.
Initial precipitate samples (T=0, 1m) showed peaks corresponding to those of pyrite (i.e., 2theta
of 28, and 33), whereas the aged samples also showed peaks corresponding to those of pyrrhotite
(2 theta of 16.882, 24.2, 27.148, and 56.417), and marcasite (2 theta of 16.995, and 56.366) . Based
on TEM analysis of the abiogenic FeS(III) samples (Figure 8), nanorods are the abundant
morphology at T=0, with an estimated average size of 70nm in the long aspect (A1-A3 in Figure
8). While elongated, lenticular nanoparticles are the dominant morphology for samples collected
one week (T=1w), high-density nanoparticle aggregates surrounded by conifer foliage are also
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present in 1-month and older samples (B1-B3 in Figure 8). Based on SAED analyses, the highdensity aggregates were composed of pyrite. An increase in the density of these high-density
aggregates was observed in T=3m samples, and greigite nanoparticles were also identified (C1
and C2 in Figure 8). Qualitative analysis of the SAXS data suggests major difference in the
nanoparticles’ size for the abiogenic FeS(III) samples aged for various durations. The presence of
a change in slope in low Q-domains, as well as an absence of change in slope in intermediary Qdomains, indicates predominant nanoclusters and scarce nanoparticles (Figure 6). For the initial
precipitates for abiotic, ferric iron sulfide systems, a particle size average of 10 nm and 200 nm
for nanoparticle aggregates was suggested after a mass surface fractal model was applied on the
data. For aged samples of the same system (T=1m,3m) a particle size average of 120nm was
suggested, with aggregate length +800nm. In this case, the suggested particle size is more
representative of the aggregate length, instead of the individual nanoparticles
Biogenic
Due to the prevailing amorphous nature of biogenic FeS(III) samples, it was not possible
to obtain information based on XRD analysis alone. The TEM analysis of the first three samples
collected at T=0, 1wk, and 1m, respectively, confirmed that the formed iron sulfide was largely of
fringes-lacking, amorphous phase (A in Figure 9). Nanocubes with an estimated average size of
20 nm, however, became dominant in T=3m samples (B in Figure 9). These nanocubes were
identified as greigite using electron diffraction analysis.
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Chapter 4: Discussion
AGING EFFECT
All systems tested in my experiments exhibited morphological and phase transformations
from moment of initial nanoparticle precipitation to the three-month aged systems. Even in the
limitations of a closed system aged at room temperature, iron sulfide systems undergo numerous
changes in the course of three months. Temperature, pH, and molar ratios of reactants have all
been studied with focus on their effect on the kinetics in Fe-S systems.(Gramp et al. 2010;
Csákberényi-Malasics et al. 2012; Wilkin et al. 1997; Wan et al. 2017; Mansor et al. 2019).
Temperature has been noted a stronger driver of phase and morphological transformations than
aging time, (Gramp et al. 2010; Csákberényi-Malasics et al. 2012). Gramp’s team was able to
collect pyrite from Fe-S (II) abiotic systems incubated at 60 C for two weeks, which would have
taken my experiments close to a year to achieve, based on similar studies (Wilkin et al. 1997). In
a similar study to my abiotic experiments, crystalline mackinawite was obtained within two hours
of exposing the initial Fe-S (II) precipitate to 120 C temperature, and pyrrhotite at 150 C.
Crystalline mackinawite was obtained for the abiotic Fe-S (II) systems of my experiments since
the initial precipitates (T=0) (Figure 4). These experiments were done at room temperature inside
an anaerobic chamber and the results are comparable to experiments done in the same conditions,
that reported greigite as initial precipitated material (Csákberényi-Malasics et al. 2012)
Initial molar ratios of reactants have been observed to influence the kinetics and
consequently the dominant phases and morphology of nanoparticles in various metal sulfide
systems including iron sulfide (Wan et al. 2017; Mansor et al. 2019). Wan et al. studied the
formation of pyrite from the exposure of ferric hydroxides to aqueous sulfide, with varying initial
ratios of Fe(III) and S(-II), and concluded that a faster formation of pyrite is seen when Fe(III) is
found in “excess,” meaning relatively higher Fe(III):S(-II)aq ratio. In a similar manner, when
compared to more complex metal sulfide systems, Cu-S nanoparticles were larger in size and more
crystalline in systems with initial 1:5 ratio for Fe:Cu, compared to 0:1 (Fe:Cu) systems (Mansor et
al. 2019). The initial molar ratios for my study were kept at 1:1 Fe:S, with the possible saturation
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of the system with an excess of sulfide, explaining the slow kinetics of the abiotic Fe-S systems
after initial precipitation.
Overall, aging for iron sulfide systems, at least for the first three months, is indicated by an
increase in crystallinity, nanoparticle size, and nanocluster size (if present). Abiotic ferrous
systems displayed less change: mackinawite and greigite are the only present phases from T=0 to
T=3m, with slight increase in nanoparticle size and crystallinity. A similar study found the same
mixture of mackinawite and greigite for the initial 2 months of abiotic FeS (II) systems, reporting
a complete transition of all the material to greigite after 10 months.(Csákberényi-Malasics et al.
2012). In comparison, abiotic ferric systems displayed most dramatic change: with formation of
pyrite throughout the process and more diverse iron polysulfide of higher crystallinity occurring
in aged samples. This finding is largely in line with previous understanding that higher sulfide to
iron ratios may hinder the formation of pyrite by forming other polysulfide phases.

FERROUS VS. FERRIC IRON SOURCE
Two different iron species were used to form iron sulfide nanoparticles to comparatively
study the formation process in anoxic versus transitional/suboxic scenarios. Ferric iron species are
favored in environments with seasonal oxic conditions, while in anoxic environments the oxidation
of sulfide [S(-II)] by Fe(III) is prevalent, favoring ferrous iron Fe(II) species (Rickard and Luther
2007b). The comparison of the FeS(II) versus FeS(III) systems, in essence, is probing the ironsulfide products of direct precipitation (Fe2+ + HS- → FeS + H+) versus oxyhydroxide sulfidation
[xFe(OH)+ + yHS- → FexSy + xH2O + (x-y)H+]. Mackinawite and greigite are the dominant phases
for the Fe(II) systems, present in both the abiotic and biological experiments. Similar studies have
found the same constant results for abiogenic and biogenic FeS(II) samples at room
temperature.(Csákberényi-Malasics et al. 2012; Herbert et al. 1998; Mansor et al. 2019; Gramp et
al. 2010). Pyrite was not formed in any of the Fe(II)-source systems in my current study. Gramp
et al. reported the presence of pyrite in abiotic Fe-S (II) solutions that were incubated at 60 C for
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2 weeks. Due to the lack of oxidants in this reported study, I am suspicious that non-designated
oxidation occurred in their experiments. Pyrite was present in my abiotic FeS(III) systems only
but as early as T=0 (Figure 6), as higher-density semi-rounded aggregates. The concentrations and
average size of pyrite increased in the aged FeS(III) samples (C4-C6 in Figure 6).
The superior crystallinity of the nanoparticles collected from the Fe-S (II) over the Fe-S
(III) systems is evident in both XRD (indicated by sharper peaks, Figure 4) and TEM analysis.
Iron sulfide nanoparticles collected from ferrous systems are larger in size than the equivalentaged samples from ferric system, up to twice as big in diameter for the 3-month aged nanoparticles
(TEM). Aggregation and amorphous nanoclusters are more noticeable in ferric systems compared
to ferrous experiments (SAXS, TEM). The starting iron specie in a system has been observed to
dictate different initial precipitated nanoparticles and allow different Fe-S phase transformation
pathways.

EFFECTS OF THE PRESENCE OF SULFATE-REDUCING BACTERIAL CELLS
The comparison between the abiogenic versus biogenic samples allows for isolating the
effect of sulfate-reducing bacteria on iron sulfide formation and transformation. Considering the
production/addition rate of sulfide in the experimental systems, the abiotic system reached
supersaturation faster and were of much higher indices compared to the biological systems [see
Figure 10, the sulfide production profile of D. vulgaris in 100 mL of MTM was previously
determined (Xu et al., 2016)]. As has been revealed by the XRD and TEM data, however, this
difference in solution saturation indices had minimal influence over the crystallinity of the formed
iron sulfide nanoparticles. This is likely because iron sulfide has exceedingly low solubility
(Rickard 2007), meaning that both abiotic and biological systems surpassed the saturation
threshold at early stages of reactions, leading to nucleation of iron sulfide nanoparticles. If the
nucleation kinetics for both systems were high enough (see Luther et al., 2005 and De Yoreo et
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al., 2015 for discussion on this), the actual saturation indices might have had minimal impact on
the process.
A key factor that might have caused the difference in the biogenic versus abiogenic samples
is the additional reducing resources present in the biological systems, either through enzymatic or
non-enzymatic processes. It is well recognized and accepted that the initial precipitate of iron
monosulfide is amorphous to poorly crystalline (Rickard and Luther 2007a; Rickard et al. 2017;
Csákberényi-Malasics et al. 2012; Picard et al. 2018). In my experiments, it was also noticed that
the enhancement of the precipitates’ crystallinity involved the formation of iron polysulfide phases
(i.e., oxidized phases compared to iron monosulfide). In the biological systems, other than the
discharged sulfide being a reducing agent, the presence of D. vulgaris cells likely provided
additional resources for reducing agents through enzymatic mechanisms or metabolites.
Comparing the results of this study to those of former ones revealed that biogenic iron
sulfide via bacterial sulfate reduction were generally more amorphous (Picard et al. 2016; 2018).
For example, Gramp et al. studied the effects of temperature on biogenic Fe-S(II) nanoparticles
through a 16-week period and reported poorly crystalline mackinawite as the dominant phase at
room temperature in the 2-week until 16-week aged sample. Their work also confirmed that higher
temperature (60 C) led to enhanced crystallinity of the formed iron sulfide and the occurrence of
pyrite in the abiogenic samples. In my work, pyrite was also observed in aged biogenic samples
(i.e., T= 3 m) but in the Fe-S(III) systems only.
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Chapter 5: Concluding Remarks
It was found through this study that reactant iron species greatly affect the development
sequence of abiogenic and biogenic iron sulfide phases. While mackinawite was quicker to occur
in ferrous iron sulfide systems, pyrite only formed in the ferric iron sulfide systems. The presence
of sulfate-reducing bacteria also has a strong influence over the morphology and crystal structure
of the formed iron sulfide, beyond producing reactant sulfide through anaerobic respiration. The
abiogenic samples showed higher crystallinity than the biogenic ones overall.
IMPLICATION
Iron sulfides are relatively abundant in modern environments as well as in geologic records,
and better understanding of their behavior helps the scientific community better understand the
interactions between iron sulfides, living organisms, and element cycling. Iron sulfides and SRB
have been observed to interact with surrounding environment in significant ways. One of these
examples is the incorporation of trace metals in iron sulfides. It has been observed that the
transportation of mercury in flooded soils was possible, because it was able to bond to iron sulfide
nanoparticles (Hofacker et al. 2013). It has also been noted that the increase of Fe(III) formation
as consequence of iron sulfide nanoparticles exposed to seasonal anoxic conditions, can negatively
affect food sources of local environment (Choppala et al. 2017). The results from this study
contribute to the deeper understanding of the formation of iron sulfide nanoparticles in lowtemperature aqueous systems, their development within their earliest stages, and consequent
reactivity with surrounding environment.
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Table 1: Modified cell culture growth medium composition ( in g L-1 )

Name

Formula

Ammonium
chloride

NH4Cl

Ammonium
Sulfate

(NH4)2SO4

Calcium
chloride
Magnesium
Sulfate
Potassium
phosphate
Sodium
sulfate
Sodium
lactate
Yeast
Tryptone
Ascorbic
Acid
Sodium
thioglycolate
Ferrous
sulfate
Ferric sulfate
HEPES
pH

Postgate's #63

Metal toxicity medium

1.0

-

-

1.23

CaCl2*2H2O

0.1

0.06

MgSO4*7H2O

2.0

1

K2HPO4

0.5

-

Na2SO4

1.0

0.91

C3H5NaO3

2.0
1.0
-

4.6
0.05
0.5

C6H8O6

0.1

-

C2H3NaO2S

0.1

-

FeSO4*7H2O
Fe2(SO4)3
*2H2O

0.5

-

0.5
7.8

5.5
7.2
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Table 2: Common and naturally occurring Fe-S solid phases.

Name

Formula

Mackinawite

FeS

Crystal

Pyrrhotite

Fe1-xS

Tetragonal, P4/nmm
Monoclinic A2/a, hexagonal
P6/mmc

Greigite

Fe3S4

Cubic Fd3m

Pyrite

FeS2

Cubic Pa3

Marcasite

FeS2

Orthorhombic Pnnm
Rickard et al. 2007

Table 3: D-spacing of common iron sulfide phases under XRD*.
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Rickard et al. 2007
Figure 1: Schematic of pore water profile trends changing with depth.
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Figure 2: Schematic of experimental designs.
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Figure 3: Samples for the three different analytical methods.
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Figure 4: X-ray diffraction patterns for abiogenic nanoparticles.
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Figure 5: Transmission electron micrographs for the abiotic Fe-S (II) nanoparticles.
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Figure 6: Small-angle x-ray scattering comparing Fe-S (II) vs (III)
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Figure 7: Transmission electron micrographs for the biogenic Fe-S (II) nanoparticles.
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Figure 8: Transmission electron micrographs for the abiotic Fe-S (III) nanoparticles.
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Figure 9: Transmission electron micrographs for the biogenic Fe-S (III) nanoparticles.
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Xu et al. 2016
Figure 10: Production of sulfide from sulfate reducing bacteria
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